Fluorescence excitation spectroscopy at both vibrational and rotational resolution has been used to probe the changes in energy, electronic distribution, and geometry that occur when 1-aminonaphthalene ͑1AN͒ absorbs light at ϳ332 nm. The 0 0 0 band of the S 1 ←S 0 transition of 1AN is red shifted by nearly 2000 cm Ϫ1 with respect to the corresponding band of naphthalene. Additionally, it is mainly b-axis polarized, unlike the corresponding bands of naphthalene and other 1-substituted naphthalenes. Thus, 1 L a / 1 L b state reversal occurs on 1-substitution of naphthalene with an NH 2 group. The S 0 state of 1AN is pyramidally distorted at the nitrogen atom. Additionally, the NH 2 group is rotated by ϳ20°about the C-NH 2 bond. Excitation of 1AN to the zero-point vibrational level of its S 1 state reduces the C-NH 2 bond length by ϳ0.2 Å and flattens the NH 2 group along both out-of-plane coordinates. Other vibronic bands in the S 1 ←S 0 transition exhibit significantly different rotational constants, inertial defects, and transition moment orientations. An explanation for these findings is given that is based on the well-known conjugative properties of the NH 2 group in chemically related systems.
INTRODUCTION
A simple rule in electronic spectroscopy is that an electric dipole transition between different molecular orbitals ͑MOs͒ is allowed only for those orbitals that are, respectively, symmetric and antisymmetric with respect to reflection through a plane. In that event, the transition moment is perpendicular to that plane. 1 Thus, the lowest * transition in ethylene is allowed and polarized along the C-C axis whereas the lowest * transition in benzene is orbitally forbidden, though vibronically allowed.
Complications arise in the application of this rule to larger conjugated systems. Naphthalene is an interesting example. 2 Here, there are two low energy * excitations in simple Hückel MO theory, one of which is degenerate. The first, 5 6 * , is allowed and polarized along the short inplane axis (y), 1 L a ← 1 A in the Platt notation. 3 The second, 4 6 * or 5 7 * , also is allowed but polarized along the long in-plane axis (x), 1 L b ← 1 A. Thus, it was at first sight surprising to learn that the lowest energy * transition of naphthalene is weak and x-axis polarized whereas the second * transition is strong and y-axis polarized. 4 We now know that the lowest energy * transition in naphthalene is to an electronic state ( 1 L b ) that is a nearly equal mixture of the two degenerate excitations, and that the antisymmetric configuration ( 4 6 * - 5 7 *) lies at lower energy than 5 6 * . Previous experiments performed by Hollas and co-workers 6, 7, 8 have shown that this rule also can be applied to substituted naphthalenes in an approximate way. Rotational contour analyses of the 0 0 0 bands of the S 1 ←S 0 transitions of 1-and 2-fluoro, hydroxy, and aminonaphthalene showed that, typically, all bands are in-plane ab hybrid bands owing to the inertial contributions of the substituents. ͑a and b are the in-plane inertial axes, which are parallel to x and y, respectively, in the parent molecule.͒ However, 1-substituted naphthalenes exhibit mainly a-type activity whereas 2-substituted naphthalenes exhibit mainly b-type activity. More recent high resolution measurements have confirmed these conclusions for naphthalene 9 and the 1-and 2-fluoro and hydroxynaphthalenes. 10, 11, 12 The S 1 ←S 0 transitions of 1-substituted naphthalenes are principally a-type ( 1 L b ← 1 A) because substitution in the 1-position has relatively little effect on the nodal properties of the one-electron MO's of the parent molecule. In contrast, substitution in the 2-position produces a major change in the nodal properties of these MO's. Thus, the S 1 ←S 0 transitions of 2-substituted naphthalenes are principally b-type ( 1 L a ← 1 A) owing to a significant contribution of the 5 6 * excitation to the electronic properties of the S 1 state. 11 We report here a study of the S 1 ←S 0 electronic spectrum of 1-aminonaphthalene ͑1AN͒. Experiments have been performed at both low ͑ϳ1 cm Ϫ1 ͒ and high ͑ϳ10 Ϫ4 cm Ϫ1 ͒ resolution. The low resolution experiments provide information about the vibrational displacements that occur on S 1 ←S 0 excitation. The high resolution experiments on 1AN and several of its isotopomers provide information about the equilibrium geometries of the two states and the orientations of the S 1 ←S 0 transition moments of different vibronic bands. We find, not unexpectedly, that the NH 2 inversion barrier is significantly lower in the S 1 state than in the S 0 state. But we also find, somewhat to our surprise, that the lowest * transition of 1AN is principally b-axis polarized, unlike the corresponding bands in naphthalene, 1-fluoronaphthalene, and 1-hydroxynaphthalene. 1-Amino substitution of naphthalene produces a reversal of the ordering of the 1 L b and 1 L a states in the parent molecule. Applying the simple rule, this means that the orbitals between which the lowest energy transition occurs in 1AN are, respectively, symmetric and antisymmetric with respect to reflection in the ac plane, not the bc plane. Finally, we give an explanation for these findings that is based on the wellknown conjugative properties of the amino group in chemically related systems.
EXPERIMENT
1AN was studied at low resolution using both fluorescence excitation and resonance-enhanced multiphoton ionization ͑REMPI͒ techniques. Both methods utilized a supersonic jet for sample preparation. In the fluorescence excitation experiments, 1AN was seeded into He at various backing pressures and expanded through a 1 mm diam pulsed nozzle operating at 10 Hz. The resulting jet was crossed about 2.5 cm downstream of the nozzle by a doubled Nd 3ϩ /YAG-pumped dye laser ͑FWHM ϳ0.3 cm Ϫ1 ͒, also operating at 10 Hz. The resulting fluorescence was collected by a single lens system, focused on a PMT, and detected using a boxcar integrator interfaced to a MASSCOMP MCS561 data acquisition system. Spectra were calibrated in relative frequency to Ϯ0.1 cm Ϫ1 using markers from a solid étalon. Dispersed fluorescence spectra were obtained using a 0.25 m Jarrell-Ash monochromator with 150 slits.
REMPI measurements were performed using a standard pulsed beam laser ionization mass spectrometer with orthogonal molecular beam, laser beam, and linear time-offlight axes. 1AN was seeded into a pulsed expansion of helium and skimmed before entering the ionization region. 13 A doubled Nd 3ϩ /YAG pumped tunable dye laser ͑FWHM ϳ0.15 cm Ϫ1 ͒ operating at 10 Hz was used to excite 1AN in a one-color ͑1ϩ1͒ REMPI scheme. Additionally, a KrF excimer laser was used to ionize 1AN via the triplet state in a two-color ͑1ϩ1͒ REMPI scheme. Ions corresponding to the mass of 1AN were collected and amplified by a dual microchannel plate detector that was monitored by a 10-bit digital oscilloscope interfaced via a parallel GPIB bus to a personal computer. The PC also controlled the wavelength scans of the dye laser.
1AN was studied at high resolution using fluorescence excitation techniques. The spectrometers employed have been described elsewhere. 9, 14 Briefly, a molecular beam formed by expanding 1AN in Ar or He and skimming twice in a differential pumping system was crossed 30 ͑Nijmegen͒ or 100 cm ͑Pittsburgh͒ downstream of a CW quartz nozzle ͑ϳ100 diam͒ with the collimated beam of a CW ring dye laser ͑FWHM ϳ500 kHz͒ operating in the UV. Fluorescence detection using spatially selective optics imaged a small diameter ͑ϳ1 mm͒ portion of the interaction region onto a PMT placed above the crossing point of the two beams. Standard photon counting and data acquisition techniques were employed to record the spectra. These were calibrated to Ϯ1.0 MHz using simultaneously acquired interference fringes from a near-confocal interferometer and the I 2 absorption spectrum. 15 A typical ϳ5 cm Ϫ1 scan took 30 min or less and generated 1 Mbyte of data. The computer software that was used to acquire, display, and analyze the high resolution spectra is described elsewhere. 14, 16 Deuterated 1AN was prepared by dissolving 1AN in methylene chloride and mixing the solution with D 2 O in a rotating evaporator, with mild heating ͑35°C͒. The resulting deuterated compound was separated from the D 2 O and CH 2 Cl 2 to give a solid sample. Figure 1 shows the low resolution S 1 ←S 0 fluorescence excitation spectrum of 1AN recorded in a supersonic jet. The prominent features are a strong band at ϳ30 044 cm
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Ϫ1
, a number of well-resolved vibronic bands at energies up to ⌬Eϳ600 cm Ϫ1 above the apparent origin, and a much higher density of vibronic bands at still higher energies. A list of the stronger observed bands up to ⌬Eϭ723 cm Ϫ1 is given in Table I . The one-and two-color ͑1ϩ1͒ REMPI spectra of 1AN are qualitatively similar to the fluorescence excitation spectrum. A spectrum was measured in a two-color ͑1ϩ1͒ REMPI scheme in which the ionization laser was delayed by 500 ns with respect to the excitation laser. Since the lifetime in the S 1 state is only 11 ns ͑see below͒, 1AN is ionized from the triplet state. It is therefore concluded that a significant coupling exists between the first excited singlet and triplet states in 1AN.
Representative dispersed fluorescence spectra are shown in Fig. 2 . Exciting the band at ϳ30 044 cm Ϫ1 results in strong resonance fluorescence and other fluorescence components to lower energies, characteristic of an electronic origin band. Strong bands were observed in this spectrum at displacements of ⌬EϭϪ467, Ϫ943, Ϫ1389, and Ϫ1848 cm weak... pattern of intensities. At still higher energies; e.g., ⌬Eϭ462 cm
; the unusual strong-weak-strong... pattern is again repeated but the most red-shifted bands begin to broaden and merge. We interpret this as evidence for vibrational level mixing, a prerequisite to intramolecular vibrational relaxation. A list of the prominent bands observed in the dispersed fluorescence spectra of 1AN is given in Table  II .
Several of the bands in the S 1 ←S 0 excitation spectrum were examined at high resolution. Figure 3 shows the high resolution spectrum of the 0 0 0 band at ϳ30 044 cm The spectrum shown in Fig. 3 is predominantly b-type; no strong Q branches were observed. To fit this band, a spectrum was simulated using asymmetric rotor Hamiltonians for both electronic states, rotational constants estimated from a crude geometrical structure, and the appropriate selection rules. This spectrum was then compared with the experimental one. An initial assignment of lines in the center of the spectrum followed from this comparison. Then, the assigned lines were returned to the fitting program, producing adjustments to the rotational constants and a new simulation. This process was continued until all b-type transitions could be accounted for. Still, some unassigned lines appeared in the experimental spectrum. These exhibited patterns characteristic of an a-type band. ͑No other ''extra'' lines were detected.͒ The observed band is therefore a hybrid band. Including these lines in the fit ͑a total of 300 assigned lines was used͒ resulted in a standard deviation of 1.9 MHz, substantially less than the observed linewidth. The parameters determined from this fit are listed in Table III. A best fit of the observed intensities in the spectrum in Fig. 3 Two additional properties of the data shown in Table III are worthy of note here. The first is that the rotational constant A increases on electronic excitation, suggesting a contraction of 1AN in directions perpendicular to a with the absorption of a photon. The second is that the magnitude of the inertial defect (⌬I), relatively large in S 0 ͑Ϫ0.80 amu Å 2 ͒, decreases on S 1 ←S 0 excitation to Ϫ0.37 amu Å 2 . This suggests that 1AN is distorted from planarity in the ground electronic state along some out-of-plane coordinate͑s͒, and becomes more planar in the S 1 state.
To probe further the atomic displacements responsible for these changes, high resolution experiments also were performed on several deuterated 1AN's. Eight deuterated species resulted when 1AN was exchanged with D 2 O; each gave a fully resolved S 1 ←S 0 fluorescence excitation spectrum. However, because each spectrum spans ϳ5 cm
, and the ZPL energy shifts on deuteration are comparable to this width, the observed spectrum of the isotopically mixed sample was extremely congested. Nonetheless, it was possible to fit each of the bands separately, by repeating the procedure previously described, yielding a set of S 0 and S 1 rotational constants for each of the observed isotopomers. Then, by comparing the rotational constants of the different isotopomers using Kraitchman's equations ͑vide infra͒, 17 we determined which deuterium-labeled molecule was responsible for each observed 0 0 0 band. The results of these determinations are listed in Table IV . Examination of the data in Table IV shows that the origin bands of most deuterated 1AN's are blue shifted relative to the origin band of the fully protonated molecule. The only exception is the 0 0 0 band of the DHHH isotopomer which is red shifted by Ϫ3.58 cm
.
Further examination of these data shows, also, that most shifts are additive. Thus, for example, the shift of the DHHH isotopomer is Ϫ3.58 cm
, the shift of the HHHD isotopomer is 12.11 cm
, and the shift of the DHHD isotopomer is 8.59 cm
. The only exception is the shift for DDHH, predicted to be Ϫ2.16 cm Ϫ1 but observed to be 2.99 cm
. Finally, we note that the shifts for the two-NHD isotopomers are different, Ϫ3.58 cm Ϫ1 ͑DHHH͒ and 1.42 cm Ϫ1 ͑HDHH͒.
Several vibronic bands also were examined at high resolution. The data obtained from fits of these bands are sum- 
DISCUSSION
One of the most intriguing results of this study is the finding that the 0 0 0 band of the S 1 ←S 0 transition of 1AN is predominantly b-axis polarized. This is an unexpected result. In early studies of the orientations of the electronic transition moments in substituted naphthalenes, Hollas and Thakur 6, 7 found that the 0 0 0 bands in the S 1 ←S 0 spectra of 1FN ͑1-fluoronaphthalene͒, 1HN ͑1-hydroxynaphthalene͒, and 1AN are mainly a-type bands whereas the 0 0 0 bands in the S 1 ←S 0 spectra of 2FN, 2HN, and 2AN are mainly b-type bands. They concluded that the angle through which the transition moment is rotated away from the long in-plane axis of naphthalene depends mainly on the position of the substituent and not on its chemical nature. The present result shows that this is not the case. The 0 0 0 bands of 1FN and 1HN are predominantly a-axis polarized, 10, 11 but the 0 0 0 band of 1AN is predominantly b-axis polarized.
Simple MO theory provides an explanation for this result. 
͑2͒
The two product wave functions that comprise the S 1 state exhibit oscillating charge distributions that are oriented along the x axis, as shown in Fig. 4 . However, the magnitude of the transition moment is small owing to a near cancellation of the two components. Thus, while the 0 0 0 band of the S 1 ←S 0 transition of naphthalene is x-polarized, it is very weak ( f ϳ0.001). In contrast, the S 2 ←S 0 transition of naphthalene is y polarized ͑Fig. 4͒ and the 0 0 0 band is very strong ( f ϳ1). The NH 2 group is a powerful activator towards electrophilic aromatic substitution reactions in organic chemistry. In such reactions, this activation is achieved by donation of the lone pair electrons on the basic nitrogen atom to the attached aromatic ring. Typical resonance structures of the carbonium ion formed by Y -atom attack para to the NH 2 group of aniline are shown below. 18 Clearly the nitrogen atom can share more than one pair of electrons with the ring by accommodating a positive charge. In 1AN, this donation should affect the energies of both the bonding and antibonding orbitals of the naphthalene chromophore. Since the NH 2 group is strongly ''electron-repelling,'' it increases the energies of the bonding orbitals that have large amplitudes at the substituent positions, and it decreases the energies of antibonding orbitals that have large amplitudes at the substituent position. The energies of orbitals that have nodes at the substituent position are relatively unaffected.
Applying this argument to 1AN, we see from Fig. 4 that the energy ordering of the relevant MO's should be 4 Ͻ 5 and 6 * Ͻ 7 * . This energy ordering is the same as that for naphthalene itself. But, since 5 is destabilized relative to 4 , and 6 * is stabilized relative to 7 * , all one-electron excitations shift to lower energy. The shift of 5 6 * should be twice as large as those of the ͑still͒ degenerate excitations 4 6 * and 5 7 * . Thus, if the magnitude of the configuration interaction between these two excitations is approximately the same in 1AN as in the parent molecule, the S 1 state in 1AN should derive principally from the configuration 5 6 * . In that event, the reflection plane with respect to which the involved orbitals have opposite symmetry in the S 1 ←S 0 transition of 1AN would be the xz(ac) plane ͑cf., We have performed a series of Hartree-Fock calculations ͑GAUSSIAN 92, 6-31G* basis set͒ 19 on S 0 1AN to examine the feasibility of this explanation. Shown in Fig. 5 are approximate pictures of the relevant MO's of the energyoptimized 1AN that were derived from these calculations. 1AN has ten electrons; additionally, the nitrogen atom contributes a ''lone pair.'' However, examination of this figure shows that, while the nodal patterns of the MO's of naphthalene are largely unperturbed by 1-amino substitution, all electrons are extensively delocalized. The energies of the one-electron MO's also are affected. The HOMO-LUMO transition lies at significantly lower energy than either of the now nondegenerate ͑HOMO-1͒-LUMO and HOMO-͑LUMOϩ1͒ transitions. Moreover, Fig. 5 clearly shows that the oscillating charge distribution associated with the HOMO-LUMO transition is oriented close to the b-axis, in accord with the qualitative argument given above. The two higher energy transitions are a-axis polarized. Thus, the S 1 ←S 0 and S 2 ←S 0 transition moment orientations in 1AN are the opposite of those found in naphthalene. This explains the ''anomalous'' polarization of the 0 0 0 band in the S 1 ←S 0 transition of 1AN.
CI-singles calculations, also performed on 1AN using GAUSSIAN 92, 19 confirm this conclusion. The S 1 ←S 0 transition moment is predicted to lie at an angle of 85°with respect to the long in-plane axis of naphthalene. This is in excellent agreement with the measured value of 88°. The calculations also show that while the HOMO-LUMO excitation dominates, the ͑HOMO-1͒-͑LUMOϩ1͒ excitation also contributes significantly to the S 1 ←S 0 transition. That 1 L b / 1 L a reversal might occur on substitution of naphthalene with an amino group was first suggested by Mataga. 20 He found that the solvent shifts of the absorption and fluorescence spectra of naphthylamines were quite different from those of the naphthols, and that the relative magnitudes of the S 1 -S 0 dipole moment differences for 1-and 2-derivatives is reversed in naphthylamines when compared with naphthols. Evidence for significant mixing of the L b and L a state of naphthylamines also was found in the MO calculations of Suzuki et al. 21 A second relevant observation about the S 1 ←S 0 transition of 1AN is that the 0 0 0 band is significantly red shifted with respect to the corresponding band in naphthalene, by 1975 cm
Ϫ1
. This is the expected result if, as argued above, the affected electrons are significantly delocalized into the NH 2 group. The excited S 1 state should be significantly stabilized relative to the corresponding state in naphthalene. Extending the argument, then, one might expect that other 1-substituted naphthalenes would also exhibit red shifts, that the magnitudes of these shifts would depend on the delocalizing ability of the attached group ͑i.e., on its chemical nature͒, and that there would be a correlation between the observed red shifts and band polarizations. Table VI provides some data that support this view. Listed there are the frequencies of the 0 0 0 bands, the shifts of these bands from the corresponding band in naphthalene, and the observed band polarizations of several 1-substituted naphthalenes. [9] [10] [11] [22] [23] [24] [25] The latter are expressed in terms of the angle ͑Ј͒ that the TM vector makes with the long inplane axis ͑the x-axis in naphthalene͒ and thus have been corrected for simple inertial effects. Examining the data in this table, we see that the most red-shifted 0 0 0 bands have transition moments that make the largest angles with the x axis, in agreement with the above expectations. Thus, the interaction between the electrons of naphthalene and the lone pair͑s͒ of the attached substituent is responsible for both the observed red shifts and the observed band polarizations. Notably, the red shift and TM angle are significantly smaller in 1-methylnaphthalene ͑1MN͒ than in 1AN. This is reasonable since the methyl group in 1MN, while mildly electron repelling, exhibits only weak hyperconjugation with the aromatic ring. 1HN is a particularly nice example of this effect. Both the cis and trans isomers exhibit red shifts, larger than that observed in 1FN but smaller than that observed in 1AN. Their TM orientations also are intermediate between those in 1FN and 1AN. Conjugative mixing clearly increases in the order -F, -OH, -NH 2 . Interestingly, the red shift in cis-1HN is 274 cm Ϫ1 larger than that in trans-1HN, and the two transition moments are differently oriented, Јϭ16°in cis-1HN and ЈϭϪ17°in trans-1HN. The difference in red shifts reflects, primarily, a difference in the ground state energies of the two isomers. S 0 cis-1HN is ϳ900 cm Ϫ1 less stable than S 0 trans-1HN, 11 possibly because of the former's nonplanar nature. Recent calculations 26 suggest that the -OH group in S 0 cis-1HN is rotated out of the naphthalene plane, possibly because of the steric repulsion from the neighboring ͑H8͒ hydrogen atom. Apparently, this effect is small. Recent experiments show that the vibrationally averaged position of the hydroxy-hydrogen atom in cis-1HN is ''in-plane. '' 22 Further, the angles of rotation of the TM vectors of cis-and trans-1HN are comparable in magnitude, though opposite in sign. As discussed elsewhere, 27 the difference in signs reflects primarily the difference in the orientation of the oxygen lone pair orbitals in the two conformers. Cis/trans rotation of the OH group rotates the TM vector towards the lone pair electron density on oxygen.
Given the above perspective, substantial geometry changes should occur when 1AN is photoexcited to its S 1 state, especially along coordinates involving the amino group. Indeed, both the S 1 ←S 0 fluorescence excitation and the S 1 →S 0 dispersed fluorescence spectra of 1AN exhibit pronounced vibrational activity. To set the stage for a meaningful discussion of these results, we begin by describing the key geometrical properties of 1AN, first of the S 0 state.
The principal probes of ground state structure are the S 0 rotational constants of 1AN and its deuterated isotopomers. Kraitchman 17 has given a convenient set of equations that may be used to determine the position of an atom in a molecule. The method utilizes the changes in moments of inertia that are produced when the atom in question is isotopically substituted. To apply the method to 1AN, we first checked the validity of Kraitchman's equations by comparing the rotational constants of the S 0 states of HHHH, DHHH, HDHH, and DDHH isotopomers. This comparison gave two sets of center-of-mass ͑COM͒ coordinates of the two NH 2 hydrogens atoms, which agreed within experimental error. Kraitchman's equations are therefore valid. Next, we determined the COM coordinates of the H2 and H4 ring hydrogen atoms by comparing the rotational constants of the S 0 states of the HDHH, HDDH; HDHD, HDDD; HHHH, HHHD; HDHH, HDHD; and DHHH, DHHD isotopomers. The independent determinations ͑two for H2 and three for H4͒ again gave identical results. Finally, we determined the positions of all four hydrogen atoms in the energy optimized 6-31G* structure of 1AN, for comparison to experiment. The results of these determinations are listed in Table VII .
Comparing these results, we see that the two aromatic hydrogens are both observed and predicted to lie in the ab inertial plane, within experimental error. However, the two NH 2 hydrogens exhibit nonzero ͉z͉ values. Further, according to experiment, the displacement of the ''inside'' hydrogen from the ab plane is about twice as large as that of the ''outside'' hydrogen. Two distortions of the ZPL of ground state 1AN are suggested by these results. One is a pyramidalization of the NH 2 group at the nitrogen atom. The second is a rotation of the NH 2 group about the C-NH 2 bond. Supporting evidence for these distortions is provided by the measured inertial defects of 1AN and its isotopomers listed in Table VIII . S 0 1AN in its ZPL has ⌬IϭϪ0.80 amu Å 2 . ͑S 0 naphthalene in its ZPL has ⌬IϭϪ0.2 amu Å 2 .͒ 9 Deuterium substitution of the NH 2 group in 1AN increases the magnitude of ⌬I in the S 0 state. However, the observed increase is position sensitive. The DHHH isotopomer has ⌬IϭϪ1.27 amu Å 2 , the HDHH isotopomer has ⌬IϭϪ0.92 amu Å 2 , and the DDHH isotopomer has ⌬IϭϪ1.14 amu Å 2 . The increase in ͉⌬I͉ is larger for the inside hydrogen than for the outside hydrogen. This shows that the two NH 2 hydrogen atoms in S 0 1AN are inequivalent with respect to reflection through a plane bisecting the NH 2 group, or diastereotopic. Similar results have been observed in 2-aminobenzyl alcohol in which the source of the inequivalence is an intramolecular hydrogen bond. 28 - The source of the inequivalence of the two NH 2 hydrogens in S 0 1AN is less obvious. One possibility is a difference in the steric interactions between the two NH 2 hydrogens and the adjacent hydrogen atoms of the naphthalene ring, H2 and H8. Experimentally, it is known that the H1-H8 distance is less than the H1-H2 distance in naphthalene, by ϳ0.05 Å ͑the peri effect͒. 29 1AN exhibits the same effect. Figure 6 shows the ab initio ͑6-31G*͒ structure of 1AN in the vicinity of the attached NH 2 group. Clearly evident is the fact that the two NH 2 -ring hydrogen atom distances are different. With the twist angle about the C-NH 2 bond arbitrarily set to zero, the two distances are 1.92 and 2.41 Å. With this constraint relaxed, the two distances are more nearly equal, 2.20 and 2.31 Å. Even in this case, the repulsive interactions between the two NH 2 hydrogens and the ring hydrogens would be different, since the inside hydrogen lies closer to the repulsive wall of H8 than does the outside hydrogen to the repulsive wall of H2. The calculated equilibrium twist angle in S 0 1AN is 20.4°, which gives different ͉z͉ values for the two NH 2 hydrogens than are deduced from experiment ͑Table VII͒. However, the measured values are subject to vibrational averaging along this ͑and other͒ coordinate͑s͒ since they are characteristic of the ZPL level.
The remaining theoretical H-atom coordinates are in excellent agreement with experiment ͑Table VII͒.
Another property of the 6-31G* geometry of S 0 1AN is an out-of-plane displacement of the nitrogen atom ͑cf. Fig.  6͒ . The displacement is small, ϳ0.05 Å with respect to the aromatic plane. Nonetheless, it may contribute to the inertial defect. The calculated inertial defect is larger in magnitude ͑Ϫ1.11 amu Å 2 ͒ than that observed experimentally. With this distortion, the calculated NH 2 inversion angle in S 0 1AN is 47.4°. S 1 ←S 0 excitation of 1AN produces significant changes in the geometry of the molecule. First, we note that ⌬A is positive for all examined bands of 1AN; ⌬Aϭ45.6 MHz for the 0 0 0 band. Both ⌬B and ⌬C are negative. All other naphthalenes examined to date exhibit negative ⌬A, ⌬B, and ⌬C values, as also shown in Table VI ͑see also Ref. 14͒. The negative signs are expected. * excitation typically results in ring expansion, producing increases in the moments of inertia about all principal axes. Since ⌬AϾ0 in 1AN, one or more bond lengths must decrease, the affected bond͑s͒ being principally perpendicular to a. The logical candidate is the C-NH 2 bond. Contraction of this bond is a natural consequence of the increased electron delocalization in the S 1   FIG. 6 . Ab initio geometry of the ground electronic state of 1-aminonaphthalene in the vicinity of the attached NH 2 group. Only the NH 2 and H2 and H8 ring hydrogen atoms are shown.
state. Using the 6-31G* geometry of S 0 1AN, flattened at the NH 2 group, we have determined that a ϳ50 MHz increase in A requires a decrease in the C-NH 2 bond length of ϳ0.2 Å. This contraction also affects ⌬C because the C-NH 2 bond is nearly perpendicular to both a and c. However, the effect of the shorter bond is especially marked on A rather than C because I a is less than I c . In 2AN, the C-NH 2 bond is principally perpendicular to b. Hence, ⌬B is positive whereas ⌬A and ⌬C are negative, as observed by Hollas and Thakur. 6 We also have determined the COM coordinates of the aforementioned four hydrogen atoms in the S 1 state of 1AN using Kraitchman's equations. 17 The results are listed in Table IX . Comparison of these values with those for the ground state ͑Table VII͒ shows some significant differences. The most interesting difference is that, within experimental error, the two NH 2 hydrogens lie in the ab plane in the ZPL level of the S 1 state. Consistent with this finding is the fact that the S 1 inertial defects of the HHHH, DHHH, HDHH, and DDHH isotopomers in this level ͑Table VIII͒ are identical, within experimental error, and significantly smaller in magnitude ͑⌬IϭϪ0.37 amu Å 2 ͒ than those of the S 0 state. We conclude from these observations that 1AN is a planar ͑or at least quasiplanar͒ molecule in its S 1 state. The two NH 2 hydrogen atoms are ''equivalent,'' or nearly so. Thus, shortening the C-NH 2 bond forces the NH 2 group to adopt a ͑nearly͒ coplanar configuration with the aromatic ring. The energy stabilization that results is sufficient to overcome the difference in steric interactions with the adjacent ring hydrogen atoms.
Deuterium substitution of 1AN typically produces blue shifts of the 0 0 0 bands. This is reasonable since, typically, excited state vibrational frequencies are lower than ground state frequencies. The largest shifts observed are for ring atom substitution, 28.35 cm Ϫ1 in the HHDD molecule. This also is reasonable since ring atom CH frequencies are typically higher than NH 2 group frequencies. Both the signs and magnitudes of these shifts are typical for the delocalized * states of aromatic molecules. 30 An intriguing result, then, is the finding that the DHHH molecule exhibits a red shift, Ϫ3.58 cm
, whereas the HDHH molecule exhibits a blue shift, 1.42 cm
. The inequivalence of the two NH 2 hydrogens is thus apparent even at low resolution. There is a difference in the signs of the vibrational frequency shifts of the inside and outside hydrogens when they are replaced by deuterium. Because DHHH ͑HDHH͒ is red ͑blue͒ shifted, the substituted hydrogen atom must be distorted along a coordinate whose vibrational frequency increases ͑decreases͒ on S 1 ←S 0 excitation.
1AN has 54 normal modes of vibration. According to the 6-31G* calculations, most of these involve displacements of the atoms of the aromatic rings as well as those of the substituent group in the S 0 state. However, a mode at 246 cm Ϫ1 is principally NH 2 torsional in nature, a mode at 291 cm Ϫ1 is principally a rocking motion of the NH 2 . Thus, distortions accompanying S 1 →S 0 de-excitation are largest along these coordinates, no doubt a consequence of the differing C-NH 2 geometries in the two states.
Little is known about the vibrational bands that appear in the S 1 ←S 0 excitation spectrum of 1AN. Hollas and Thakur 7 observed intense bands in 1AN at ⌬EϭϪ468.5, 283.6, and 719.9 cm
, a pattern similar to that found by Brand et al. 35 in the spectrum of aniline ͑Ϫ423, 293, and 760 cm Ϫ1 ͒. These have been assigned as I 2 0 , I 1 1 , and I 0 2 , respectively, where I is the NH 2 inversion vibration. Mikami et al. 36 observed, additionally, bands at 352, 1130, and 1546 cm Ϫ1 in aniline which they assigned to I 0 1 , I 0 3 , and I 0 4 . An inversion barrier of ϳ45 cm Ϫ1 in the S 1 state ͑ZPEϳ163 cm
͒ was derived from these data. However, some of these latter assignments have been disputed; in particular, I 0 1 and I 0 3 are symmetry forbidden in C 2v . [37] [38] [39] The current view is that S 1 aniline is a planar molecule with a near-zero inversion barrier. Its S 1 inertial defect is ⌬IϭϪ0.241 amu Å 2 , 34 significantly less than the ground state. As a similar behavior is observed in 1AN, we are tempted to assign the two strong bands at ⌬E ϭ284 and 723 cm Ϫ1 in the S 1 ←S 0 excitation spectrum as I 1 1 and I 0 2 . If these assignments are correct, then one can conclude that the inversion barriers in 1AN are similar to those of aniline, ϳ500 cm Ϫ1 in the S 0 state and near zero in the S 1 state.
However, we believe the situation in 1AN is more complicated than this. First, we note that since the two H atoms of the NH 2 group are not equivalent, at least in the ground state, the energy surfaces along the inversion and twisting coordinates cannot be symmetric double-well potentials. Second, since the equilibrium geometries of the two electronic states are significantly different, large Duschinsky rotations 40 of the normal modes should accompany S 1 ←S 0 excitation. Third, and most importantly, the polarizations of the observed bands in the fluorescence excitation spectrum vary significantly from band to band. Therefore, one must carefully consider the selection rules for simultaneous rotational, vibrational and electronic ͑i.e., rovibronic͒ transitions in 1AN.
If rovibronic wave functions are considered in the first approximation as product functions, and higher order effects ͑e.g., electrical anharmonicity, Duschinsky rotation, axis tilting, etc.͒ are neglected, then the transition moment for an electronic transition between two different states may be written as Ј͉ v Љ͘ is small, the second term in Eq. ͑3͒ will govern the intensity of vibronic transitions. In that event, the polarization of the band will depend upon the direction of the dipole derivative, ‫ץ[‬ g (eЈ,eЉ)/‫ץ‬Q k ] 0 . All of this, of course, is well known to those familiar with orbitally forbidden transitions that are vibronically allowed, as in benzene. Two examples will suffice to illustrate these points. The first strong vibronic band in the S 1 ←S 0 excitation spectrum of 1AN occurs at ⌬Eϭ284 cm
. It is mainly a-type ͑81% a͒. Since this polarization is different from that of the origin band, only the second term in Eq. ͑3͒ can contribute to its intensity. Further, the major contributor to this term must be a dipole derivative with a significant projection along a. Among the six possible vibrations of a symmetric NH 2 group, 42 only the rocking and twisting deformation modes would have nonzero dipole derivative projections along the a axis of naphthalene. The inertial defect of 1AN is Ϫ0.58 amu Å 2 in the upper state vibronic level ͑Table V͒, slightly larger in magnitude than that of the S 1 ZPL ͑Ϫ0.37 amu Å 2 ͒. This changes to Ϫ1.6 amu Å 2 in the DHHH isotopomer and to 0.25 amu Å 2 in the HDHH isotopomer ͑Table VIII͒. Since the rocking mode is an in-plane mode and the twisting mode is an out-of-plane mode, the most likely assignment of the band at 0 0 0 ϩ284 cm Ϫ1 is to the twist, or torsional mode in the S 1 state. This frequency is substantially higher than that of the corresponding mode in the ground state, a natural consequence of the enhanced double bond character of the C-NH 2 bond in the S 1 state. The second strong band in the S 1 ←S 0 excitation spectrum occurs at ⌬Eϭ462 cm
. It is a hybrid band with ϳ50% b character and a positive inertial defect ͑ϩ0.31 amu Å 2 , Table V͒ . Its b-type polarization could derive from either of the two terms in Eq. ͑3͒. If the first term contributes, the vibrational overlap integral must be large, suggesting some displacement along this coordinate in the S 1 state. If the second term contributes, the dipole derivative should have a projection along the b axis. Either the wagging or scissoring modes are likely candidates. Of these, only the wagging mode is an out-of-plane mode. This mode has a substantially higher frequency in the ground state ͑ϳ734 cm Ϫ1 ͒. The a-type polarization of the band at ⌬Eϭ462 cm Ϫ1 must come from the second term in Eq. ͑3͒. Since in-plane vibrations typically make positive contributions to the inertial defect, 17 the most likely source of this intensity is the rocking mode. This mode also has a substantially higher frequency in the ground state ͑ϳ943 cm Ϫ1 ͒. While only approximate, other data exist which suggests that an interpretation of this type for the differently polarized vibronic bands is at least conceptually correct. One piece of evidence is the appearance of both red and blue shifts of the 0 0 0 bands of the differently labeled isotopomers of 1AN. Some fundamental vibrational frequencies increase on S 1 ←S 0 excitation whereas others decrease. A second piece of evidence is the unusual patterns that appear in the S 1 →S 0 dispersed fluorescence spectra of 1AN. Substantial displacements along several vibrational coordinates, probably with significant Duschinsky rotations, are required to account for these observations. That such distortions occur is unambiguously clear from the high resolution data. Finally, since 1 L b / 1 L a state reversal occurs in 1AN, significant vibronic coupling effects may occur low in the S 1 manifold. Thus, a more thorough analysis of the vibrationally resolved spectra of 1AN and its isotopomers will be required to develop a more refined picture of the dynamics that occur on the S 1 PES when the photon is absorbed.
SUMMARY
Several unusual properties of the S 0 and S 1 electronic states of 1-aminonaphthalene ͑1AN͒ are revealed by fluorescence excitation experiments in pulsed supersonic jets and CW molecular beams. These properties include their energies, electronic distributions, and geometries; the polarization of the S 1 ←S 0 transition; and the lifetime of the S 1 state. High resolution studies of fourteen vibronic bands in the S 1 ←S 0 fluorescence excitation spectrum of 1AN and several of its isotopomers show that, like aniline, 1AN is pyramidally distorted at the nitrogen atom in the S 0 state, with an inversion angle of ϳ47°. However, unlike aniline, the NH 2 group in S 0 1AN also is twisted out of plane by ϳ20°, probably because of a difference in the steric interactions between the two NH 2 hydrogens and the adjacent hydrogen atoms of the naphthalene ring ͑the peri effect͒. The high resolution studies also show that S 1 excitation of 1AN reduces the C-NH 2 bond length by ϳ0.2 Å, providing compelling evidence for enhanced conjugation of the NH 2 group with the system of the aromatic ring. Shortening the C-NH 2 bond also flattens the NH 2 group and renders the two NH 2 hydrogens equivalent in the S 1 state. The high resolution studies also show that 1 L b / 1 L a state reversal occurs in 1AN. Thus, the stabilizing influence of the enhanced conjugation is apparently large enough to reorder the energies of the excited states of naphthalene, thereby explaining the unusual polarization of the 0 0 0 band of 1AN, and to overcome the peri effect, thereby explaining the unusual characteristics of its vibrationally resolved S 1 ↔S 0 spectra.
